This paper describes a simple and efficient method to increase the D/A output resolution of an 8-bit microcomputer, as exemplified on the Apple II. The "distributive method" can increase the final output resolution up to 32K with two 8-bit analogic channels. A simple interface based on balanced sets of resistors and driver software are described. Some applications are also reported.
rophysiologists may need to collect, cumulate, and view electrophysiological signals recorded with sufficient precision. The coarseness ofthe display based on a 256-step scale is often annoying. The same limitation appears when one wants to generate a graphic pattern, linear or otherwise, on an analogic screen. The analogic output of the Apple II, normally implemented with 8 bits, has a definition that is aesthetically and sometimes critically insufficient and that needs improvement.
Of the many alternatives for circumventing the problem, the one described here involves dispatching a 9-to 16-bit word of definition over two 8-bit channels. This is brought about by making a minor hardware modification to a multichannel 8-bit D/ A converter and by writing a short driver routine in assembler language. We propose this as a fair solution, particularly in the short term, for improving the resolution of the analogic output of a microcomputer; it also can serve to pretest application programs before transferring them to a bigger computer, if the need still exists to do so.
WORKING PRINCIPLE
Each channel of an 8-bit D/A card can provide 256 voltage increments distributed, for example, on a -5 V, +5 V range. A natural way to increase this precision is to add voltage levels by joining two channels, making up a 16-bit data word. The first channel (low-byte channel)
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will be used to transmit the lower 7 bits of information, running progressively over the positive part of its range (0 V, +5 V) through 128 increments. The second channel (high-byte channel) operates as a multiplier and determines the overall range. Each increment produces a voltage that is equivalent to the total output range of the lower channel (refer to Figure 1 ). This is brought about by using resistors that adjust the voltage range of the two channels in the proper ratio, and then by adding the two outputs.
For example, suppose one needs a lK resolution, or 1024 gradations, for the analogic output of an Apple II.
First, one must build an interface for combining properly two channels of an 8-bit D/ A card. To obtain lK of resolution, the lower channel is used to produce the 128 finer levels of voltage, which in turn must be stepped up 8 times through the high-byte channel in order to produce the desired number of levels (128 x8= 1024). The high-byte channel output must then be divided into 8 levels of 1,25 Veach. The overall range, for instance, would be 10 V, and the 8-level variation would be programmed in the 3 higher bits, 5-7, ofthe high-byte channel. By using appropriate resistors, the (0 V, +5 V) variation on the low-byte channel can be reduced to a 0 V, + 1,25 V range; the two voltage outputs can then be mixed. One then inserts in the main program a short routine handling the numeric dispatching and D/A triggering. An output with lK levels, ranging from -5 V to +5 V, has thus been created by "distributing" a 10-bit value over two 8-bit D/ A channels.
Hardware
The hardware part of this system is simple to build and requires common parts easily found in electronic stores. The attenuators must follow a ratio given by the formula A u/ A L = Res/ 128, where Au and AL represent the attenuator values associated with the high-and low-byte channels, respectively, and Res is the total resolution needed. The value 128 is the number of levels produced in the low-byte channel; the expected quotient Res/256 is multiplied by 2 because the low-byte channel uses only half the total range of voltage (0, +5 V) of the high-byte channel. Whatever the value of this ratio, the resistors may
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Copyright 1987 Psychonomic Society, Inc. Working principle of the distributive method. Two channels of the DIA converter are used in conjunction to simulate a continuous output ranging between 128K and 32K of final resolution, depending on the number of steps one creates in the high-byte channel (SN; right graph). The low-byte channel varies from 128 to 255 (0-5 V), looping inside each step of the higher channel. (That correspondence is shown by the shadowed surface.) These two outputs pass through two resistors and are then mixed to produce a higher resolution output within a -5 V to +5 V range. See Figure 2 for details of the electronic circuit.
be in the range from 1 kO to 1()() kO to comply with most peripheral equipment.
The user should buy resistors with the finest tolerance available. In fact, it is still better to couple a resistor of fixed value with a potentiometer, which could compensate for the tolerance error. Moreover, with a potentiometer it is possible to alter the ratio, and, if minor changes are made in the software, the user can quite easily increase or decrease the final resolution of his system.
Software
Listing 1 shows an assembler routine for the 6502 processor that fits the example developed in the preceding section. Executing this routine will produce a signal Such an assembler routine is requisite when the signal is to be displayed (and regenerated) on an analogic oscilloscope, whose remanence is low. On the other hand, an equivalent BASIC program, for instance in Applesoft, runs conveniently to drive an analogic X-Y plotter for producing a hard copy of the graphic. Such a program, outlined in Listing 2, corresponds to the preceding one and thus requires no further comment.
DOMAINS OF APPLICATION
The concept of this method, which we call "distributive, " can be used in a variety of applications, each time the analogic output capacity of a microcomputer is involved. We have developed and tested this method by including it in software that averages evoked EEG poten- tials. Besides increasing the quality of the visual output, particularly on a large screen, the system makes it possible to scrutinize a small portion of the curve directly on the screen without having to edit the signal, expand the display, or otherwise complicate the signal processing software. Also, when plotted on the X-Y recorder, the curve appears smoother, without a staircase effect often seen in hard-copy illustrations; it looks as if it were continuous.
The distributive method may also be useful for displaying histograms or other kinds of graphs, by increasing the resolution of the X (or time) axis. In comparison with histograms obtained with an 8-bit D/ A card, it becomes feasible to display more bars so that a higher resolution is obtained by reducing the bin-width, or alternatively a signal of longer duration by keeping the bin-width and adding more bins.
The method has also been adapted to an apparatus that controls moving parts, such as a (continuous) motor. Through an increase in the resolution, all movements become smoother, without basklash due to coarse settling, thus reducing wearing down of moving parts and obviating in some cases the need for a feedback-controlled positioning.
CONCLUSION
The possibilities for using the distributive method are numerous. The concept and the application ofthe system are quite simple, and it allows the use of available or cheap microcomputer equipment for applications requiring a performance typical of costlier or unavailable hardware. The user is also able to take advantage of the availability of well-known programs with an Apple II, instead of having to start anew with a more sophisticated, but more complicated, hardware and with nonexistent or unproven software.
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